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FOREWORD 4

This report describes an inhouse effort conducted in the Mechanics
and Surface Interactions Branch (MBM), Nonmetallic Materials Division {
(MB), Air Force Materials Laboratory, Air Force Wright Aeronautical
Laboratories, Wright-Patterson AFB, Ohio, under Project 2419, "Non-
metallic Structural Materials", Task 241903, "Composite Materials and
Mechanics Technology", Work Unit 23190310, "Durability of Composites and
Adhesives."

The work reported herein was performed during the period 1 October
1977 to 31 January 1978. Dr. H. Thomas Hahn (AFML/MBM) was the project
engineer.
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SECTION I
INTRODUCTION

Whereas fatigue in metals is understood in terms of nucleation and
growth of a single dominant flaw, fatigue in composites is characterized
by initiation and growth of multiple cracks. Because of the heterogeneity
inherent in composites, cracks in composites no longer have the same
implications as those in metals. Damage in composites can be any one or
all of the following: fiber breaks, resin cracks, interfacial debonds,
and delaminations between the plies of laminate. A1l these cracks are not
separate but interconnected, making identification of crack paths highly
complex. Much of this damage occurs long before the ultimate failure,
and hence, there can be many types of subcritical failures. Each failure
should be clearly defined and assessed in its criticality, if engineering
designs are to be economical and reliable.

The class of composites that has received extensive fatigue study
during the early stage of composites development is glass fiber reinforced
plastics (References 1, 2). With the advent of new types of fibers,
however, a good amount of work has been done on composites such as
boron/epoxy (B/Ep) (References 3, 4), graphite/epoxy (Gr/Ep) References
5, 6), boron/aluminum (B/A1) (References 7, 8), and Borsic/titanium
(B-SiC/Ti) (Reference 9). Data in the form of S-N diagrams are
available for various types of loadings: axial tension and compression;
in-plane, interlaminar and torsional shear; and flexure. Monitoring of
fatigue damage by means of a number of NDE and DE techniques has im-
proved considerably our level of understanding of failure mechanisms.
Furthermore, seemingly incongruous fatigue data can now be put in a
tractable form by using the 1ife prediction models proposed recently.

The objective of the present report is to survey some of the
available data on the effects of fatigue in composites and to discuss
pertinent failure mechanisms in 1ight of the observed failure modes.
Since advantages of composites are found in the fiber-controlled
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properties, both static and fatigue failure mechanisms under longitudinal
loadings are discussed in some detail for unidirectional composites
including metal matrix composites. A review is presented of the analytical
methods for prediction of off-axis fatique strength of unidirectional
lamina and is extended to cover those for angle-ply laminates. Typical
subcritical failure modes in multidirectional laminates are correlated
with the changes in strength and modulus. Effects of frequency, com-
pression, and notches are discussed in terms of fatigue life and
temperature rise. A brief summary of recent developments in life
prediction methodology then concludes the present report.

o
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SECTION TII

FATIGUE IN UNIDIRECTIONAL LAMINAE

1.  LONGITUDINAL FATIGUE

Typical stress-strain curves of composites reinforced with brittle
fibers to be discussed are shown in Fiqure 1 together with those of the
constituent materials. Dependinc on the ductility and failure strain,
those composites can be divided into three groups.

The first group typically exhibits the stress-strain curves of
Figure 1(a) and consists of metal matrix composites reinforced with
boron or graphite fibers. The second group is characterized by the
fiber and matrix having almost the same failure strain {Figure 1(b)) and
represents glass fiber reinforced plastics. Most polymer matrix
composites reinforced with boron or graphite fibers belong to the third
qgroup which is distinguished from the first group by the low ductility
of matrix.

Thus, in composites under consideration, fibers break before the
matrix failure. What happens after a fiber breaks depends on many
factors other than just the matrix and interphase properties. Some of
the pertinent parameters and their effects on the subsequent damage mode
are discussed in what follows.

The crack created by a fiber break tends to grow into the matrix at
higher loading rate (Reference 10). Thus, the composite strength may
decrease with increasing loading rate, as reported in Reference 11.

The subsequent crack growth also depends on the level of the applied
stress at which the fiber breaks. If the fiber breaks at low stress due
to defects or weakness (References 12, 13), the crack is more likely to
lead to interfacial debond than to extend into the matrix (Reference 11).
Consequently, when a composite contains many weak fibers, substantial
number of fibers break before the composite failure. However, when the
fibers are strong, a few fiber breaks seem enough ton precipitate the
composite fracture (Reference 14).
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A similar behavior is observed at pre-existing fiber ends; that is,
interfacial failure is more likely to occur at the fiber ends (References
14, 15). In fact, this difference between the pre-existing fiber ends
and the new fiber breaks due to loading makes it possible to increase
the composite strength by breaking weak fibers before fabrication
(Reference 13).

Scattered, random fiber breaks manifest themselves in the dependence
of the failure surface characteristics on the specimen length. Since
there are more fiber breaks in Tonger specimens than in shorter specimens

at the same level of applied stress, longer specimens tend to exhibit brush-

like failure mode as compared to shorter specimens (Reference 16).

The foregoing observations are applicable in static tension as well
as in fatigue. However, discussion of fatigue failure requires one more
parameter - the fatigue sensitivity of matrix and interphase.

Composite fatigue behavior can best be correlated to that of the
constituents in terms of fatigue strains rather than fatigue stresses
because, in the fiber direction, both fibers and matrix are subjected
to almost the same strain. Thus, although the actual state of stress is
triaxial and includes residual stresses (References 17, 20), the follow-
ing discussion should be understood within the framework of uniform
longitudinal strain unless otherwise mentioned.

Figure 2 shows a typical S-N data of B/A1 (Reference 21). As com-
pared to boron fibers (Reference 22), the composite is seen to be more
fatigue sensitive, indicating the possibility of matrix-controlled
crack growth. Both the static strength and fatigue 1imit at various
fiber volume fractions are shown in Figure 3 (Reference 7). The fatigue
ratios in the parentheses are relatively insensitive to the fiber
volume fraction. The lowest fatigue ratio at vf=0.25 may be because the
stress ratio is 0.2 while it is 0.4 at vf=0.4 and 0.6. Decrease of
the fatigue ratio with the stress ratio can also be seen from Figure 2
where R=0.

|
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The matrix failure in fatigue can easily be detected through micro-
scopic examinations of fracture surfaces. While static tensile fracture
surfaces of B/A1 maintain the characteristics of ductile fracture, such
as voids formation, fatigue fracture surfaces exhibit some evidence of

fatigue hardening and shear failure (Reference 7). Crack growth striations

are also observed if the fibers are ductile, e.g., Be/Al (Reference 23).

Fatigue cracks in composites can initiate at the free surface as in
metals and additionally, at fiber breaks or fiber ends (References 7, 9,
24). Fibers can break at stresses as low as half the ultimate tensile
strength (Reference 24). Brittle coatings such as SiC and brittle
reaction zones between fibers and matrix are more prone to cracking and
effectively reduce the fiber strength (References 25, 26). Thus, more
fiber fractures occur during fatigue in B-SiC/A1 than in B/A1. However,
the fatigue 1imit is only slightly reduced because the low yield stress
and high ductility of aluminum allows the matrix to yield more readily in
the fiber direction, thereby relieving stress concentration on adjacent
fibers. As a result, deleterious planar crack growth is interrupted
frequently by jogs along the fibers.

At higher fiber volume fraction, there are more fiber breaks and
and hence more crack initiation sites. However, at the same time, more
fibers act as crack arresters and more effective retardation of crack
growth will be realized. The net effect appears to be that the fatigue
1imit in strain, FL is independent of the fiber volume fraction. That
is, the composite fatigue 1imit in stress, SFL‘ is given by Reference 27.

S = - 1)
FL Parr, *VAEY s W8y (
The prediction is compared with the data taken from Reference 25 in

Figure 4. The fatigue 1imit strain €pL Was calculated from the data at
vf=0.5 using the following properties:

smFL =111 MPa, E‘ = 400 GPa, Em = 69 GPa.
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As is clear, the moduli were assumed not to be affected by fatigue
although small decrease has been observed (Reference 25). Note that ¢
is 0.36% which is well above the initial yield strain of 6061 Al.

FL

If the matrix is strong in both stiffness and yield strength, yet
highly ductile, the stress transfer from broken fibers to the neighboring
unbroken ones is more effective and the fracture surface becomes fairly
planar with no sign of Tongitudinal cracking in the matrix (Reference 9).
For the same reason, the possibility of interfacial debond increases.
Since fiber failure is brittle when it happens, the net effect can be an
increased crack growth rate and the composite becomes more fatigue
sensitive than the matrix. An example of such behavior is shown in
Figure 2 for B-SiC/Ti which has poor fatigue resistance in the high-cycle
region.

Fatigue in G1/Ep, which belongs to the second group, Figure 1(b), is
similar to that in B/A1 in that the matrix itself undergoes a substantial
damage in fatigue and consequently, fatigue cracks are observed at the
free edges (References 28, 29). Fatigue 1imit strain of the composite
is only slightly higher than that of the epoxy itself independently of
the fiber volume fraction (Figure 5). The microcracks in the matrix grows
perpendicular to the loading until they start to branch along the fibers.
The ultimate fracture is the result of reduction in the effective cross-
sectional area when the aforementioned process repeats itself.

In composites of the third group, the matrix is well within the
elastic range up to the composite failure. Therefore, fatigue damage
in the matrix will be negligible except at the sites of fiber breaks.
Consequently, the modulus and strength do not decrease in fatigue until
the fracture is imminent (References 4, 30, 31).

Since, for the same matrix, lower fiber failure strain means less
fatigue damage in the matrix, the stiffer the fiber, the higher the
fatigue ratio will be, Figures 6-8 (References 30, 31). In fact, the
fatigue 1imit of Type I Gr/Ep composite, which has an average failure
strain of only 0.5%, is only slightly below the lower tail end of static
strength distribution (References 30, 32). Since Type III fiber has the
largest failure strain of the three, it gives the lowest fatigue ratio.
Note that B/Ep behaves similarly to Type II Gr/Ep, Figure 9 (Reference 3).

€
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Failure mode depends very much on the interfacial bond strength.
Figure 10 shows two contrasting failure modes of Gr/Ep; Figure 10(a) is
typical of surface treated fiber composites and Figure 10(b) of surface
untreated fiber composites (References 30, 34). The failure mode of
B/Ep is in between the two extremes (Reference 4). In the former case,
the fracture surface exhibits the characteristics of a brittle fracture
originating at a very small group of fibers whereas in the latter, long
slivery fractures indicate weak interfacial bond (Reference 32). Also,
the macroscopic failure modes remain essentially the same as the loading
is changed from static to fatigue (References 4, 30, 32, 33). Thus, the
subcritical failure events leading to the ultimate fracture seem to be
almost the same in both cases.

For all the differences in the failure mode, the difference in the
strength is surprisingly negligible not only in static tension but also
in fatigue (References 30, 32, 34). Composite failure can be thought
of as a combination of fiber bundle failure and crack propagation failure
neither of which is an optimum. As the interfacial strength is increased,
fiber breaks dispersed in the longitudinal direction are isolated from
one another and the composite strength increases (References 35, 36).
However, if the interfacial bond is too strong, the stress concentration
on the neighboring fibers becomes more effective, and the crack propagation
mode will dominate the composite fracture, resulting in reduced strength.
An optimum value of interfacial strength exists somewhere between these
two extreme cases (Reference 37). Thus, it is possible that two equal
composite strengths are realized on each side of the optimum bond
although failure modes are different.

Longitudinal cracking is possible even in the absence of broken
fibers. Under a tensile loading in the fiber direction, the circumfer-
ential stress at the fiber-matrix interface can be as large as 9% of the
applied stress (Reference 17). Coupled with the curing stress, the
resultant stress is sufficient to cause longitudinal cracking before the
specimen fracture (Reference 34). When this longitudinal crack extends
through the thickness and into the end tab region, the induced stress
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concentration may produce partial debonding of the tabs and the load

is forced to be carried by the remaining part of the specimen. The
additional stress may then be sufficient to fracture the remaining part
and end the test (Reference 33).

As compared to the tensile failure, the compressive failure is not
so well understood. Failed specimens usually show various degrees of
longitudinal splitting and, in some cases, shear type of failure. When
only a small amount of splitting is present, some degree of brooming is
observed instead.

In graphite/epoxy composites the compressive strength can be higher
or lower than the tensile strength depending on the material system and
also on the test method used (References 5, 6, 34, 38, 39). Since the
compressive strength of unidirectional composites is utilized better in
a laminate, the effect of compression on fatique behavior will be dis-
cussed later for multidirectional laminates.

2. OFF-AXIS FATIGUE

The fiber orientation relative to the loading axis affects the
fatigue behavior in the same manner as it does the static properties;
the off-axis fatigue behavior is controlled by the matrix and interphase
unless fiber splitting occurs as observed in B/A1 and B-SiC/A1 (References
18, 40, 41). Especially in metal matrix composites where the matrix is
ductile and interfacial bond is strong, both the static strength and
fatigue 1imit increase with the matrix strength.

An S-N data of B/Ep subjected to tensile fatigue in the transverse
direction is shown in Figure 11 (Reference 3). Compared with the longi-
tudinal fatigue data of Figure 9, the fatigue ratio is lower, indicating
the higher fatigue sensitivity of the matrix and interphase.

Similar reduction is observed in the fatigue of (+45) laminate,
Figure 12 (References 3, 5, 42). This laminate is frequently used to
determine the longitudinal shear properties of B/Ep and Gr/Ep composites
because the elastic transverse stress is only about 20 percent of the
longitudinal shear stress in each ply. Thus, the data of Figure 12 can
be taken as the longitudinal shear fatigue behavior.
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The transverse fatique ratio is not much different from the longi-
tudinal shear fatique ratio (Figures 11 and 12). Furthermore, in B/Al
the fatique ratio was shown to be essentially independent of the off-axis
angle (Reference 1).

In analogy to the static strength, several methods were proposed to
predict off-axis S-N relations. In the main, all the methods make use of
failure functions fu so that failure occurs when the following condition
is satisfied:

bﬁ;x 3€u(ci. SB)$ = 1. (2)

Here o, are the applied stresses in the material symmetry axes and Sﬁ are
the parameters such as uniaxial fatique strengths. The parameters depend
on the fatique cycles, but the functions fu do not. Note that S“-N
relations should be obtained under similar loading conditions.

Three static failure functions have been tried so far fa, as listed
in Table 1 (References 43-46). Comparisons with the limited amount of
available off-axis fatigue data indicate that one can expect as good an
agreement in fatigue as in tension. A sample comparison is shown in
Figure 13.
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SECTION III “
FATIGUE IN MULTIDIRECTIONAL LAMINATES

1. ANGLE-PLY LAMINATES

The effect of constraint between plies with different fiber
orientations are best illustrated by comparing the ultimate tensile
strengths of (+6) angle-ply laminates with the off-axis strength of
unidirectional lamina, Figure 14 (Reference 47). The solid and broken
Tines represent the predictions by the maximum stress failure criterion
and show the contributions of each constituent to the load carrying
capability of laminates. Fibers are seen to carry more load in angle-ply
laminates than in unidirectional laminae.

The constraint between adjacent plies manifests itself in the inter-
laminar stresses (Reference 48). However, these interlaminar shear
stresses do not seem to influence fatigue strength although they may
induce delamination along the free edges.

The prediction of static strength in Figure 14 requires the knowledge
of the relationship between the applied laminate stresses and the stresses
in each ply. Although the lamina behavior is not exactly linear especially
in shear (References 49-52), this relationship is usually provided from
the laminated plate theory based on the linear elastic behavior.

In fatigue, the problem is more complicated because the moduli,
especially transverse and shear, decrease with cyclic loading (References
31, 48, 53). However, one can certainly use the elastic relations as a
first-order approximation. Once the ply stresses are known in terms of
the laminate stresses, an appropriate failure criterion in Table 1 can be
chosen to predict the S-N relations of angle-ply laminates.

The results in References 44 and 46 indicate that the prediction of
fatigue strength is comparable in accuracy to that of static strength.
The experimental data exhibited slightly higher fatigue sensitivity,
i.e., steeper S-N curves, than predicted and better agreement was observed

10
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in the high cycle region. A sample comparison is shown in Figure 15 for

a (+60) G1/Ep. If complete delamination occurs, the strength of angle-ply
laminate should reduce to that of off-axis lamina. However, no such
reduction is observed.

2, FIBER-CONTROLLED LAMINATES

Figure 16 shows stress-strain relations of a (0/1_45/90)S G1/Ep
subjected to a uniaxial tension. Superimposed are the stress-strain
relations of the constituent plies, i.e., (0), (+45), and (90) laminates
(Reference 54). Since the inplane Sstrains are uniform from ply to ply,
failure will occur in the weakest ply which is the 90-degree ply in the
(0/145/90)S laminate. Therefore, it is natural that cracks in tensile
fatigue also appear first in the plies whose fiber direction is normal
to the loading (References 55-59).

As an example, consider the damage process in a (0/90)S G1/Ep
subjected to a uniaxial tension. When the transverse stress in the
90-degree plies reaches the average transverse strength, transverse cracks
form perpendicular to the loading in the 90-degree plies with a fairly
regular spacing. A typical crack is shown in Figure 17(a). The maximum
transverse stress, which is at the midpoint between two neighboring
cracks, then drops down to about 73 percent of the transverse strength.
Next cracking occurs when the maximum transverse stress reaches again
the transverse strength. This time, however, the stress is reduced to a
mere 27 percent of the strength. Since further cracking thus becomes more
difficult, the existing cracks start to grow along the ply interfaces
and the stress concentration on the 0-degree plies is reduced.

Figure 18 shows the number of cracks per unit length observed at
the free edge and also permanent strain resulting from the crack formation.
Large discrepancy between the prediction and the data at higher stresses
is an indication of the aforementioned crack branching (Reference 52).
The change of modulus also follows the pattern predicted from a reduction
in the effective load carrying portion of the 90-degree plies when
delamination grows from the tips of those cracks (Reference 49).

n
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The O-degree plies are also susceptible to cracking in the fiber
direction. For the laminate under consideration, the ratio of the trans-
verse stress o$ in the 0-degree plies to the applied laminate stress
Nx/h can be calculated from the laminated plate theory as follows:

o 2
¥ 5 vt ELEr - Ep (3)
N /h ~ 2 2.2
x (EL-+ET) -4VLTET

where EL and ET are the longitudinal and transverse moduli, respectively,
and VT the major Poisson's ratio. Thus, in a typical G1/Ep, the trans-
verse stress can be as high as six percent of the laminate stress. Since
the transverse strength is usually less than 35 MPa, longitudinal cracks
can occur in the 0-deqree plies of cross-ply S-glass laminates which

have the longitudinal strength of more than 830 MPa.

The same failure modes are observed in fatigue. Even during the
first cycle a number of transverse cracks appear in proportion to the
exceedance of the maximum fatigue stress over the first ply failure stress.
However, very little increase in the number of these cracks is observed
in fatigue for the reasons described previously. Rather, the transverse
cracks grow into delamination as fatigue proceeds. On the contrary, the
longitudinal cracks in the 0-degree plies initiate, multiply gradually,
and reach a plateau with the fatigue cycles. The equilibrium number of
cracks (in both plies) does not change as long as those maximum trans-
verse stresses are below the transverse fatigue strength. Also, the
damage manifests itself in the reduction of residual strength and modulus,
Figure 19 (Reference 55).

The static stress-strain relation of a cross-ply laminate is
usually bilinear and represented by the initial modulus Eo and the
secondary modulus Eb’ the latter being approximately equal to half the
longitudinal modulus. With the progress of damage in the 90-degree plies,
the knee in the subsequent bilinear stress-strain curve moves up along the
initial stress-strain curve above the first ply failure point and hence
the modulus decreases. In the limiting case of complete delamination,

12
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the modulus will be equal to half the longitudinal modulus. For the
composite, which is S-glass/epoxy, (Figure 19) the experimental value of
Eb is close to EL/2, as predicted. Furthermore, the predicted modulus
after the first cycle is not much higher than EL/2. The data approxi-
mately falls within this range.

The behavior of (0/i45)s laminates is similar te that of unidirec-
tional B/A1; the +45-degree plies do not show any sign of failure before
the laminate fracture in static tension. The reason is because (+45)
laminate has higher failure strain than the longitudinal failure strain.
In fatique, however, the +45-degree plies exhibit gradual cracking, just
the same way as the O-degree plies in cross-ply laminates do, because of
their higher fatique sensitivity (Reference 60). Figure 17(b) shows
cracks produced in fatigue, not in static tension.

The failure mechanisms in (0+45/90) laminates are combinations of
those in (0/90) and (0/+45) laminates. The sequence of ply failures is
the 90-degree plies first followed by the +45-degree plies, Figure 17(c)
(References 54, 61). The damage in the +45-degree and 90-degree plies
is manifested in the decrease of modulus. Figure 20 shows the change of
the secant modulus Esn in fatique (Reference 54). Since the 0-degree
plies comprise only 25 percent of the laminate, the secant modulus at
static fracture is accordingly low as compared to the tangent modulus Eo'
The secant modulus Esl at the start of fatique naturally decreases with
increasing fatigue stress. The secant modulus at fatigue failure can be
less than that at static fracture and seems to increase as the fatigue
stress is decreased.

Typical ultimate failure modes are shown in Figure 21 for the
laminates discussed so far. Very little difference is observed macro-
scopically between the fracture surfaces in static tension and in
fatigue (Reference 60). Also, the laminates that are fiber-controlled
in static tension remain essentially so in fatigue (Figure 22). Because
of the ply failures discussed previously, fatigue sensitivity increases
with decreasing percentage of 0-degree plies, see the (0/+45/90) laminate,
Figure 23 (Reference 3).
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The ply failures as well as the viscoelasticity of polymer matrix
generate heat within laminates. Three types of temperature rise are
observed on the specimen surface, depending on the material system,
laminate configuration, and the loading conditions (Figure 24).

The equilibrium temperature increase AT in Types 1 and 2 was shown
to be predictable from a heat transfer analysis under the assumption of
a constant rate of heat generation (References 54, 62). In particular,
AT is related to the loading parameters in the following manner:

ATOC(I-R)ZSm (5 pax=S,)E » (4)

ax ma

where SO is the threshold stress below which there is no hysteresis and f
is the test frequency. Experimental data for AT are shown in Figure 25
for a (0/145/90)S G1/Ep (Reference 54).

The temperature rise was shown to change from Type 2 to Type 3 as
the fatigue stress and the frequency were increased (Reference 62).
Thus, higher frequency can result in shorter life because ever increasing
temperature of Type 3 is indicative of the damage rate increasing with
fatigue (Reference 62). In the cas2 of Type 1 behavior the test
frequency has only negligible effect on the life, Figure 26 (Reference 60).
In this regard, it is interesting to note that in interrupted stress
rupture tests the number of cycles to failure can increase with frequency
in such a way that the time under load remains unchanged (Reference 63).

When weaker plies fail and lead to delamination in fatigue, the
antibuckling support provided for 0-degree plies by the off-axis plies
becomes less effective and hence compression, rather than tension,
failure will result. Because of large diameter, B/Ep is stronger in
compression than in tension under static loading (Reference 64).
Therefore, the peak of a low cycle curve in the constant Tife diagram
is observed in the negative mean stress quadrant, Figure 27 (Reference 3).
However, the peak moves toward the positive mean stress quadrant as the
high cycle region is approached.

14
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On the other hand, most Gr/Ep composites are not stronger in com-
pression even statically and the peaks of constant 1ife curves invariably
lie in the positive mean stress quadrant (Reference 65).

Another example showing the effect of compression is given in Figure
28 (Reference 66). The data points at 103 cycles are almost parallel to
the broken 1ine; an indication that the fatigue failure in the low cycle
region is controlled by the maximum tensile stress. In the high cycle
region the controlling parameter is the alternating stress or the stress
range.

That fatique has mere damaging effect on compressive strength can
also be seen in Figure 29 (Reference 66). Although there is no difference
in static strength, the residual strength after fatigue is lower in
compression than in tension, the difference increasing with the fatigue
cycles. Note also that the cycle ratio has negligible effect as compared

to the number of cycles endured itself. Thus, when Sm is well into the

in
compression region, fatigue failure is more 1ikely to occur in compression.
For example, (03/i45) B/Ep showed no sign of decrease in tensile strength
under fully reversed tension-compression fatigue although it failed in

fatigue at Smax less than half the static tensile strength (Reference 3).

Perhaps, the biggest advantages of composites over metals is the
very low fatigue notch sensitivity. In static tension (0/145/90)s Gr/Ep
exhibits higher notch sensitivity than comparable aluminum 7075.
However, in fatigue, notched composite laminates behave as if there were
no notches, when compared in terms of net section fatigue strength.

The difference between crack tip damages under static and fatigue
environments can clearly be shown in X-ray photographs taken after
application of tetrabromoethane as a penetrant (References 67, 68). In a
(0/+45) Gr/Ep laminate subjected to static tension, almost the same
amount of matrix cracking is observed both in the 0-degree plies and in
the +45-degree plies. In fatigue, the matrix cracks in the 0-degree plies
grow much longer distances, sometimes even reaching the grip region, and
the crack opening displacement increases (References 68-70). Thus, the
stress concentration on the 0-degree plies is reduced and the residual
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strength of the laminate increased. In the meantime, the net section
fatigue increases as if there were no crack. The overall process is thus
something like wear-in in the early stage, followed by wear-out later.

A similar behavior is observed for holes (References 65, 71).

The foregoing observations are also borne out by the fatigue notch
factor being almost independent of the fatigue cycles, Figure 30
(Reference 3). Fatigue notch insensitivity of Gr/Ep laminates is also
realized in compression-dominated fatique (References 72, 73).

The extensive damage near a notch is responsible for excessive heat
generation, as detected by thermography (Reference 74). Since both
temperature rise and hole opening displacement are manifestations of
matrix-controlled properties, they will depend on the test frequency.
Thus, when failure is defined as a fixed amount of increase in hole
opening displacement, the corresponding fatigue life will, in general, be *
influenced by the test frequency (Reference 71).

So far, the discussion has been limited to the inplane uniaxial
loadings. There is only a limited amount of data available for the
biaxial fatigue (References 75, 76). Also, whereas the torsional fatigue
displays the general characteristics of the matrix-controlled behavior d
(References 77, 78), the flexural fatigue is similar to the axial fatigue,
provided the nonuniform state of stress is taken into account in inter-
preting the data from the former (References 29, 79).
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SECTION TV
STATISTICAL LIFE PREDICTION MODELS

1. FAILURE RATE AND FAILURE POTENTIAL

As failure modes of composites are rather complex, statistical
methods have been resorted to in the analysis and characterization of
the life data. Failure processes hopefully are then inferred from the
statistical parameters.

A failure process is often described by using the failure rate which
physically is interpreted as the probability of a specimen failing within
a unit time interval (Reference 80). Although the real time is usually
used in the discussion of the failure rate, the material "age" 1 has been
proposed to replace the real time (Reference 43). This material age
represents the aging of material just as the strain-hardening parameter
is a measure of the plastically deformed state in metals. Next, the
failure potential y(1) is introduced so that the failure rate is its
derivative with respect to t. That is, the probability R(t) of survival
at v is related to ) by

R(T) = exp [-$(7)] (5)

The relation between y and 1t is an intrinsic material property and
the load history enters only through t. In particular, the material age
T is related to the load history o(t) by

t
r - fo K(o(g))dg (6)

where K is called the breakdown rule.

A power law was proposed for the failure potential and two different
Taws, power and exponential, for the breakdown rule (Reference 81). In
the original formulation of the theory (Reference 81), the breakdown rule
was independent of the type of load history; i.e., the same rule applied
to every load hostory. These laws were later found to be applicatle to
unidirectional composites subjected to static tension and to static
fatigue (Reference 82).

17




AFML-TR-78-43

However, in the present discussion the original assumption is relaxed
so that the breakdown rule remains the same only within each type of load
history. Thus, we choose

¥(7)

e (7)
and

c oY (8)

K(o) 1

"

in static tension. Breakdown rule for the fatigue loading will be dis-
cussed later. The probability of surviving the failure stress x in

static tension, hereafter called the static strength distribution, is

then given by a two-parameter Weibull distribution (References 43, 81, 82):

a
8

R‘(x) = exp[-(;‘:) ] (9)

Here the characteristic strength Xo depends on C1s ¥ and the loading
rate, and o is defined by

a = o(yH) (10)

In order to distinguish as much as possible between the static
strength and the fatigue behavior, it is assumed that the fatigue loading
is preceded by a static tension to the maximum fatigue stress. Then, in
terms of the material age L in fatigue, the probability Rf(L) of survival
at L, hereafter called the 1ife distribution, follows from Equations
6 - 8 as

v+l o

s
RAL) = exp -[( '::") +L] (1)
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Equation 11 is a three-parameter Weibull distribution with a negative
location parameter. Rf(o) simply represents the probability of surviving

the initial static tension to S In fact, the possibility of a nega-

max’
tive location parameter was indicated in the fatigue data of (0/+45/90)
Gr/Ep (Reference 66). The relation between L and the fatigue cycles
requires another breakdown rule. This will be discussed in the next sub-

section.

2.  STRENGTH DEGRADATION MODEL

Since composite failure is characterized by a multitude of cracks
rather than a single dominant crack growth, the residual strength is
chosen in place of the crack length to describe the criticality of the
damage. Nevertheless, the change of the residual strength is postulated
in analogy to the crack growth laws in metals (References 83, 84). In
terms of the material age, the change of the normalized residual strength
xr/x0 is assumed to be

d(xr/xo) iy xr'Y
B o (12)

Upon integration, Equation 12 yields “he relation between the static
strength and the residual strength:

x, v+l * v+l
[ i o w
If the crack growth law is deterministic, the crack length at any
time can be related to the initial length which in turn determines the
static strength. Thus, one can establish a one-to-one relationship
between the static strength and the fatigue life under a similar fatigue

damage process (Reference 85). In unidirectional composites the
similarity of the fatigue damage process has been established through
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proof testing (References 33, 84). In other words, a specimen which is
strong statically is also strong in fatigue. Therefore, if the static
strength distribution is given by (cf. Equation 9)

X as
R‘(x) = exp[-(;-;) ] (14)

the residual strength distribution Rr(xr) follows upon substitution of
Equation 13 into Equation 14:
y+1

x a Ay+)
Rr(xr) = exp -[(;;) +L] (15)

Since fatigue failure occurs when the residual strength reduces to
Smax® the life distribution Rf(L) is obtained by substituting S . ~for
x . in Equation 15:

r
S v+l «_/(y+1)
o v R [( o ) + L] (16)

o

Note that Equation 16 is exactly equal to Equation 11 in light of
the relation between o and o (Equation 10). However, it should be
recalled that the static strength distribution follows from the failure
potential and the breakdown rule in the failure potential model whereas
it is assumed a priori in the strength degradation model.

Suppose the material age in fatiqgue is related to the number of
fatigue cycles n through another power law (cf. References 43, 83, 86):

" B
L = Cszaxn (17)

Equation 17 then gives the 1ife distribution in terms of the fatigue cycles
endured:

v+l o

S
Rén) = exp -[(——?:—ai) + f—] (18)
o o
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where

1
Mo max C2 (19)

If the fatigue stress is much smaller than the characteristic static
strength, the first term inside the brackets can be neglected and a two-
parameter Weibull distribution is recovered. Equation 19 is none other
ek The
slope B of the log g, log Smax relation is thus a measure of the
material aging; the steeper the slope is, the more rapidly the material

ages.

than the power law relating the characteristic life "o to S

Typical values of the parameters o, £, y are listed in Table 2. The
equality between § and y does not seem universally valid even when
R=1. v is larger than 8 in the unidirectional composites subjected to
static fatigue (R=1) whereas the reverse is observed for the quasi-
isotropic laminates. Note that y=1 was also proposed for Equation 13
without statistical considerations (Reference 88).

The models discussed so far have been used rather as a method of
data analysis. It remains to be seen how these models will work as a
true life prediction method under different loading environments.
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SECTION V
CONCLUSTIONS

A review has been presented of the effects of constant amplitude
fatigue in composite laminates. Several 1ife prediction methods were
included in the discussion. The main conclusions are summarized as
follows.

1. The subsequent damage following a fiber fracture depends not
only on the matrix and interphase properties but also on the loading
rate and the stress at the fiber fracture. Whereas the interfacial failure
is favored at pre-existing fiber ends, crack propagation into the matrix
is more likely when a fiber breaks under load. Also, failure mode
depends on the specimen gage length.

2. Whereas the longitudinal static strength is controlled by the
fibers, the fatigue limit is dominated by the matrix. A strong matrix
coupled with strong interphase may even render the composite more fatigue
sensitive because of the increased crack growth rate resulting from
brittle fracture of fibers.

3. The highest longitudinal strength is associated with the
cumulative fiber fracture mode and is realized at an optimum bond strength.
The brush-like failure mode becomes prevalent below the optimum bond
strength and the crack propagation mode above it. However, the corres-
ponding composite strengths can be equal to each other. Very little
difference is observed macroscopically between the static and the fatigue
failure mode.

4. The fatigue strengths of off-axis laminae and of angle-ply
laminates can be predicted to the same extent as the static counterparts
can.

5. Typical subcritical failures in multidirectional laminates are
the ply failure and the delamination. When a ply fails statically, i.e.,
due to overloading, it is not susceptible to further cracking in fatigue.
When the failure is entirely due to fatigue the ply undergoes an
asymptotically increasing amount of cracking.
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6. Fatigue damage in composite laminates manifests itself in the
temperature increase and modulus change. Ever increasing temperature is
an indication of the damage rate increasing with fatigue. The damage rate
depends on the test frequency.

7. Composite laminates exhibit very low fatigue notch sensitivity
because of the beneficial stress relaxation at notch tips.

8. Subcritical damage is more detrimental to compressive strength.
However, the effects are not surprising.

9. The failure potential model and the strength degradation model
lead to the same life distribution although the underlying assumptions
are different.

10. It remains to be seen how the proposed statistical life prediction
models will work under different load histories.
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TABLE 1
FATIGUE FAILURE FUNCTIONS

Max. Stress
Theory [43] Max {O’I/SL, o‘Z/ST, 0'6/55} " |

S = a -b logN
a R

Tsai-Hill o":' 7% o'g o'z
Theory [44] —_ . & = e
S2 S2 S2 S2
L L T S
§ = a +b /N“- c /AY
a a a a
[ 4 crz o’z
Hashin Max o) 1 , & i 6 Ev. 3
[45,46] S, 2 )
T S
S = a -b logN
a a
Remarks
(1) 2 , b , and ¢ are material constants
a o
(2) A = Sa/Sm = (1-R)/(14R): Sa = alternating stress; Sm = mean stress.

(3) The same procedure is repeated the sign changes in each stress component.
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TABLE 2

FATIGUE PARAMETERS

Material R a B Y Reference
(0) Gr/Ep 1 0.30 78 79.7'%) 82
(0) Kevlar 49/Ep 1 0.87 42 57.2(2)
(0) S-G1/Ep 1 0.75 30 44.8'®
(0) Be/Ep 1 3:15 26 73.8(®
(0/£45/90) 8

3
E-Gl/Ep 1 1.00 12.46 11.58
(0/£45/90)
E-Gl/Es 0.1 1.36 12.92 8.25 83
[0/90/%45]
Gr/Ep 0.1 1.7 17.78 9.82 86
(0/£45/90)
Gr/Ep 0 2.06 17. 34 11.13 87
(0/£45/90) .1
e 8 ;.. 2408 12.27 11.0

-110 MPa

(a) a g was estimated from the coefficient of variation (CV) by a g = (1/cv) l°0638.
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